We report the synthesis, crystal structure, thermal, dielectric, phonon and magnetic properties of the [CH 3 C(NH 2 ) 2 ][Mn(HCOO) 3 ] (AceMn) compound. Our results show that this compound crystallizes in the perovskite-like orthorhombic structure, space group Imma. It undergoes a structural phase transition at 304 K into a monoclinic structure, space group P2 1 /n. X-ray diffraction, dielectric, IR and Raman studies show that the ordering of the acetamidinium cations triggers the phase transition. Low-temperature magnetic studies show that this compound exhibits weak ferromagnetic properties below 9.0 K.
Introduction
Metal formate frameworks templated by ammonium or protonated amines constitute a class of dense metal organic framework (MOF) compounds that have received a lot of attention in recent years. In this context, rare-earth formate frameworks were found to be promising luminescent and non-linear optical materials 1,2 whereas heterometallic and mixed-valence 6 ] compound. 6 The most interesting sub-group of formate frame- 3 ] compounds (M = Mn, Fe, Ni, Co). 8 This discovery promoted broad interest in the studies of these formates and the search for novel frameworks templated by various cations. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In this context, azetidinium analogues were shown to exhibit giant dielectric anomalies 9 whereas guanidinium (Gua + ) analogues showed interesting magnetic properties. 10, 11 Furthermore, the coexistence of ferroelectric and magnetic orders was discovered in metal formate frameworks templated by ammonium, methylammonium, hydrazinium and methylhydrazinium cations, and M II = Mn, Fe, Co, Ni. [12] [13] [14] [15] [16] It is also worth adding that multiferroic properties were also predicted theoretically for guanidinium (M II = Cr, Cu) and ethylammonium (M II = Mn) analogues. 17, 18 Apart from magnetic and dielectric properties, some of these divalent metal formates also exhibit negative thermal expansion and negative linear compressibility properties. 19, 20 Almost all known divalent metal formates templated by ammonium or protonated amines undergo temperatureinduced structural phase transitions associated with ordering of the organic cations and distortion of the metal formate framework. 25, 26 The size and shape of the organic cation as well as its ability to form hydrogen bonds (HBs) with the oxygen atoms of the framework determine the crystal structures and physicochemical properties. 25, 26 Therefore, much effort has been made to synthesise metal formate frameworks with various protonated amines. Until now, 11 cations were employed, i.e. apart from the above-mentioned 7 cations, formates with hydroxylammonium, 27 formamidinium (FMD   +   ) , 28, 29 imidazolium, 30 and tetramethylammonium 31 are also known. 34 that were previously used as a template ion in the metal formate frameworks, we have decided to try the synthesis of novel formate frameworks containing this cation. We will show that this synthesis was successful for a manganese analogue and that the novel MOF undergoes a temperature-induced structural phase transition.
Experimental details

Materials and instrumentation
MnCl 2 (99%, Sigma-Aldrich), methanol (99.8%, SigmaAldrich), acetamidine hydrochloride (95%, Sigma-Aldrich), sodium formate (99%, Sigma-Aldrich) and formic acid (98%, Fluka) were commercially available and used without further purification. Heat capacity was measured using a Mettler Toledo DSC-1 calorimeter with a high resolution of 0.4 μW.
Nitrogen was used as a purging gas and the heating and cooling rate was 5 K min −1 . The excess heat capacity associated with the phase transition was evaluated by subtraction from the data the baseline representing variation in the absence of the phase transitions. A powder XRD pattern was obtained on an X'Pert PRO X-ray diffraction system equipped with a PIXcel ultrafast line detector, a focusing mirror, and Soller slits for CuKα 1 radiation (λ = 1.54056 Å). The complex dielectric permittivity was measured using a broadband impedance Novocontrol Alpha analyser. The sample was investigated isothermally in the frequency range 10 −1 to 10 6 Hz and the measurements were taken every 1 K over the temperature range from 230 to 350 K. Since the obtained single crystals were not big enough to perform single crystal dielectric measurements, a pellet made of a well-dried sample was measured instead. The pellet with a diameter of 6 mm and a thickness of 0.4 mm was located between copper electrodes. The sample was located in the sample chamber filled with dry nitrogen. The temperature values, with a stability ±0.2 K, were changed by a flow of vaporized liquid nitrogen heated and controlled by a Novocontrol heating system. The complex dielectric function is given by ε″(ω) = ε′ − iε″ = −i/(ωZ*(ω)C 0 ), where Z* is the measured complex impedance, C 0 is the geometrical capacitance of the sample and ω = 2πf is the angular frequency. All measurements including the calibration routine, temperature stabilization, and data acquisition were automatically controlled. The magnetic properties of a large number of freely oriented single crystals of AceMn (about 40 mg in total) were measured using a commercial SQUID (superconducting quantum interference device) magnetometer in the temperature range 2-300 K and in external magnetic fields up to 3 kOe. The AC magnetic susceptibility was measured below 20 K in zero magnetic field applied using the probing AC magnetic field of an amplitude of 3 Oe and frequencies ranging between 1 and 1000 Hz. The background coming from a weakly diamagnetic sample holder was found in the temperature range studied to be negligible in comparison to the total signal measured, so its subtraction was omitted. No demagnetization corrections were made to the data reported here either. The low-temperature specific heat of the largest single crystal available (about 2 mg) was measured using a Quantum Design PPMS (Physical Property Measurement System) platform utilizing the thermal relaxation method. The heat capacity of the calorimeter (sapphire plate) and adhesive (vacuum grease Apiezon N) was measured separately and subtracted from the total signal. Temperature-dependent Raman spectra were obtained using a Renishaw inVia Raman spectrometer equipped with a confocal DM 2500 Leica optical microscope, a thermoelectrically cooled CCD as a detector, an argon laser operating at 488 nm and a Linkam cryostat cell. Temperaturedependent IR spectra were obtained using a Nicolet iN10 stand-alone infrared microscope and a Linkam cryostat cell. The spectral resolution of the Raman and IR spectra was 2 cm −1 .
Synthesis of the sample
In order to grow single crystals of AceMn, 8 mL of methanol solution containing 3 mmol of acetamidine hydrochloride was mixed with 8 mL of methanol solution containing 3 mmol of sodium formate. The mixture was stirred for half an hour. After filtering off the white precipitate, 0.7 mL of HCOOH was added to the clear solution and the mixture was placed at the bottom of a glass tube (9 mm inner diameter). Into this solution, 15 mL of methanol solution containing 1 mmol of MnCl 2 was gently added. The tube was sealed and kept undisturbed. Light pink crystals were harvested after 3 days. Comparison of their powder XRD pattern with the calculated ones based on the single-crystal data at 330 and 100 K (see Fig. S1 in the ESI †) confirmed the phase purity of the bulk sample.
Single crystal X-ray diffraction
The X-ray intensity data for the AceMn crystal were collected using graphite monochromatic MoKα radiation on a fourcircle κ geometry KUMA KM-4 diffractometer with a twodimensional area CCD detector at 100(1) and 330(1) K. The ω-scan technique with Δω = 1.0°for each image was used for data collection. The unit cell parameters were refined by leastsquares methods on the basis of all measured reflections. One image was used as a standard after every 40 images for monitoring of the crystal stability and data collection, and no correction on the relative intensity variations was necessary. Data collections were made using the CrysAlis CCD program.
groups were located in difference Fourier maps and were refined for the structure at 100(1) K, whereas for the structure at 330(1) K due to the disorder the H atoms were introduced geometrically. The hydrogen atoms joined to carbon atoms were generated geometrically (C-H 0.96 Å) and refined as a riding model. The final difference Fourier maps showed no peaks of chemical significance. Details of the data collection parameters, crystallographic data and final agreement parameters are shown in Table S1 . † Visualisation of the structure was made with the Diamond 3.0 program.
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Results and discussion
DSC
The DSC measurements show the presence of one heat anomaly for AceMn at 304 K upon heating and at 303 K upon cooling (Fig. S2 †) . Fig. 1 shows that the heat capacity anomaly is asymmetric. The associated change in enthalpy ΔH and entropy ΔS was estimated to be ∼604 J mol −1 and ∼2.2 J mol
, where R is the gas constant and N is the ratio of the number of configurations in the disordered and ordered phase. Since according to the X-ray diffraction data discussed in the next paragraph N = 4, ΔS is expected to be 11.5 J mol
. The experimental value is lower than expected. It is worth noting that significantly smaller than expected ΔS values were often reported for many metal formate frameworks templated by protonated amines, especially those that showed dielectric relaxation behaviour. 15, 29, 39, 40 For instance, the change of entropy associated with the loss of the trigonal disorder in formamidinium manganese formate, [NH 2 CHNH 2 ][Mn(HCOO) 3 ], which undergoes a second-order phase transition, was found to be only 0.97 J mol −1 K −1 , instead of the expected value 9.1 J mol
. 24 Since some residual entropy is always left over if a phase transition has some relaxor character, 41 the small value of ΔS for AceMn can be most likely explained in the same way as reported for related formate frameworks. That is, this behaviour indicates most likely that much residual entropy is left over below T c , implying the relaxor character of the phase transition.
Single crystal X-ray diffraction
The structures of AceMn at 100 and 330 K are provided in Fig. 2a and b, respectively. Selected bond lengths and angles for both modifications are summarized in Table 1 . Fig. 1 The heat capacity of AceMn measured in a heating mode. The insets show the change in C p and S related to the phase transition. Table 1 . At low temperature, the AceMn structure is monoclinic (space group P2 1 /n) whereas at high temperature it is orthorhombic (space group Imma). Fig. 3a and b ).
In the LT monoclinic phase the cavity has three edges (Mn-OCO-Mn) with distances of 5.9665(8) (×4), 6.1386(11) (×4) and 6.3824(11) Å (×4); the shortest linkages are along the b direction, whereas the longer ones are along the ac plane. These distances are the Mn⋯Mn through the bridging formate anions. The angles between the edges slightly deviate from 90.0° (Table 1 ). In the orthorhombic phase the cavity has eight long edges that lie in the ac plane (6.2869(9) Å) and four slightly shorter ones (6.0445(9) Å) that are parallel to the b direction. The cavity volume calculated by the PLATON software 44 is equal to ∼84 Å 3 for the monoclinic LT phase and ∼88 Å 3 for the orthorhombic HT phase. In the cavity of the LT modification, the planar Ace + cation (except for the H atoms of the CH 3 group) has its molecular plane nearly parallel to the two body-diagonal lines but normal to the third one that interacts by four conventional N-H⋯O HBs with the anionic Mnformate framework (Fig. 3a) . The HB geometries with the N⋯O distances of 2.910(4)-3.045(3) Å and the N-H⋯O angles of 164-175° (Table 2) indicate different HB strengths. In the orthorhombic phase the cavity has about 5% greater volume than that of the LT phase. As a result, the Ace + cation is held inside the cavity by weaker N-H⋯O HBs with the N⋯O distances and N-H⋯O angles of 3.111(18)-3.198(2) Å and 137-159°, respectively (Table 2 ). These HBs are too weak to overcome thermally induced motions and the Ace + cation is disordered (except for the amine N1 group and the C3 atom) over four symmetrically equivalent positions (Fig. 3b) . A view of the crystal structure of the anionic pseudo-perovskite Mn-formate framework together with the Ace + counterions in the cavities of both low-(monoclinic) and high-temperature (orthorhombic) phases is provided in Fig. S3a Comparison of these compounds also shows that the size of the unit cell is the smallest for formamidinium analogues and it increases by 3.3% when going from GuaMn to AceMn. It is worth adding Fig. 3 View of the N-H⋯O hydrogen bonded Ace + cation inside the pseudo-perovskite cavity for (a) monoclinic and (b) orthorhombic phases. For the orthorhombic phase, the green, blue, yellow and light purple represent the four possible orientations of Ace + cation (C3 and amine N1 atoms are ordered). The symmetry code is the same as in Table 1 . here that the effective size of the Ace + cation was estimated as very close (2.77 Å) 33 to the size of Gua + (2.78 Å 
Dielectric studies
The structural analysis reveals the ordering of the Ace + cations with decreasing temperature. Such a process is usually accompanied by a dielectric response. We have, therefore, measured the temperature-variable complex dielectric constant (ε) (ε = ε′ − iε″, where ε′ is the real part and ε″ is the imaginary part) of AceMn at frequencies from 1 Hz to 1 MHz. As shown in Fig. 4a the real part of dielectric permittivity takes relatively small values of around 4 in the vicinity of the phase transition. Similar behaviour was previously reported for other perovskitelike MOFs such as tetrapropylammonium metal dicyanamides and trimethylammonium metal azides. 47, 48 Generally, the observed tendency is that ε′ increases monotonically with increasing temperature at all frequencies. There is a clear anomaly at around 304 K in the plot of ε′ vs. temperature. It is natural to associate this anomaly with the order-disorder phase transition in the investigated material. Additionally, in the whole investigated temperature range ε′ shows a regular frequency dispersion. At the same time ε″ exhibits strong frequency-dependent changes with no distinct anomalies owing to the structural phase transition (see Fig. 4b ). The peak maximum shifts towards higher temperatures with increasing frequency, implying a relaxor nature of the observed electric ordering. In the investigated host-guest compound, the dielectric permittivity ε′ is generally determined by the possessing dipole moment of the Ace + cation. The dynamic movement of this molecule modifies the internal electric field and leads to dielectric permittivity changes. The ordering of the Ace + cations leads to a change of the orientation of the internal dipole moment of these cations and in consequence modifies the shape of ε′, especially at the phase transition temperature. In order to identify the nature of the relaxation process occurring in the material, the frequency-dependent dielectric permittivity of AceMn for several isotherms was analyzed. The isothermal dielectric spectra of AceMn at temperatures above and below the structural phase transition at 304 K are presented in Fig. 5 . Close inspection of these spectra, especially for the ε″ as a function of frequency, reveals the occurrence of two dipolar relaxation processes. In the investigated temperature and frequency ranges, the faster relaxation process is well visible in both phases, whereas the slower one can be noticed in the experimental frequency window just above the phase transition temperature. Both the observed dipolar dielectric responses of AceMn deviate from the classical Debye behavior. The dielectric loss spectra were fitted (see Fig. S4 †) by the sum 5 Frequency dependence of (a) the dielectric permittivity (ε') and (b) loss spectra (ε'') for selected temperatures. The arrow indicates the direction of shift of the relaxation process on heating. The dipolar relaxation processes were depicted in log ε'' spectra.
of the conductivity and the two Havriliak-Negami (HN) equations:
where ε ∞ is the high-frequency dielectric constant, Δε i is the dielectric strength, τ i is the dielectric relaxation time, α and β are the shape parameters and σ DC is the dc conductivity; i means the faster or the slower process, respectively. For the low temperature data (from 225 K up to 300 K), where the faster process is present, only the single HN function was used to parametrize the spectra. In order to describe the relaxation dynamics of the observed dipolar processes, we compare the temperature dependent behavior of its dielectric relaxation times, estimated from the fits by eqn (1), as a function of 1000/T (see Fig. 6 ). This relaxation map mirrors the dynamic properties of the system and the central feature of the investigated structure.
Closer inspection of the slower process reveals that the thermal activation of their relaxation time τ s spans through almost four decades in frequency. In the high-temperature (HT) phase, τ s exhibits almost linear dependence on the inverse temperature. Therefore, the relaxation times in the first approximation can be modelled using the Arrhenius relationship:
where τ 0 , k B and E a are the relaxation time in the high temperature limit, the Boltzmann constant and the activation energy, respectively. It is evident that the experimental data fitted to the Arrhenius law is fulfilled with the characteristic time log 10 τ 0 = −17.9 s (τ 0 = 1.25 × 10 −18 s). The physical nature and mechanism of this relaxation process in the examined material are attributed to the reorientational motion of Ace + cations in the structure. From the structural data, it is known that the Ace + cation is held inside the cavity by HBs, which are too weak in the HT phase to overcome thermally induced motions leading to the Ace + cation disorder. The rotation dynamics of the Ace + ions is mostly controlled by the confinement effect, including HB interactions. The deformation of the framework during the phase transition results in different confinement for the Ace + cations and in consequence to its ordering.
The activation energy and dielectric relaxation, attributed to the active rotation of the guest cations, strongly depend on the chemical components. The E a values in amine-templated frameworks may vary from tens of meV up to several eV. [48] [49] [50] [51] [52] The relatively high value of E a in the HT phase (E a = 1.1 eV) indicates that it is not easy to force the Ace + cation to oscillate with the applied electric field. The freedom of motions in the disordered phase definitely makes these oscillations difficult. Based on the data reported for other compounds, 49, 52 we expect that in the LT (ordered) phase of AceMn the E a should significantly decrease. It is also worth noting that the value of the relaxation time attributed to the Ace + motions (τ 0 = 1. The faster, also dipolar relaxation process, occurring in the whole investigated temperature range, exhibits an activation type of dynamics with a lower magnitude of activation energy, i.e., E a = 0.6 eV and log 10 τ 0 = −15.2 s (τ 0 = 6.31 × 10 −16 s). This E a value is about two times smaller in comparison with that of the Ace + relaxation process. Such behavior, together with the smaller relaxation time, indicates that the intermolecular stiffness of the cage-like anionic framework is weaker. It is worth noting that the symmetry changes and the associated framework deformation at the phase transition temperature have no significant impact on the activation energy of the framework relaxation. This fact clearly confirms that the Ace + cation ordering is responsible for the observed order-disorder phase transition. dence of the inverse magnetic susceptibility χ −1 (see the right and top axes in Fig. 7a ). The experimental χ −1 (T ) data can be described by the conventional Curie-Weiss law:
Magnetic properties
where C is the Curie constant and θ p is the paramagnetic Curie-Weiss temperature. Least squares fits of eqn (3) A distinct anomaly observed in M(T )/H at low temperatures (see the left and bottom axes in Fig. 7a) indicates an onset of long-range ordering of the magnetic moments of Mn below T m = 9.0(5) K. The cusp-like shape of this anomaly in H = 1 kOe and the hardly visible difference between the curves measured in that field in zero-field-cooling (ZFC) and field-cooling (FC) regimes indicate the antiferromagnetic character of the ordering, being in line with the negative value of the paramagnetic Curie-Weiss temperature. However, distinct bifurcation of M(T ) associated with some tendency of M to saturation visible in the FC curve measured in H = 200 Oe suggests the presence of a small ferromagnetic component in the antiferromagnetic lattice, i.e. weak ferromagnetism. The origin of the small hump visible at about 5 K remains unclear.
The field dependence of the magnetization of AceMn measured at 2 K is displayed in Fig. 7b . At high fields the magnetization increases linearly with increasing magnetic field (as expected for antiferromagnets) achieving at the highest fields studied the values far below the saturation value M S = 5µ B calculated for spin-only Mn 2+ . At low fields (below about 800 Oe) a magnetic hysteresis loop is noticeable with the coercivity field H c = 130 Oe and the remnant magnetization M R = 0.004µ B , being in line with the postulated weak ferromagnetism. The ferromagnetic component results most probably from the canting of the antiferromagnetically ordered moments by a small angle. It is a consequence of an antisymmetric exchange interaction or single-ion anisotropy, 55, 56 which is very likely in the compound studied. The canting angle α can be estimated via the relationship sin α = M R /M S as about 0.05 degree. In order to verify the long-range character of the magnetic ordering of AceMn we measured the low-temperature AC magnetic susceptibility and specific heat of the compound (Fig. 8) . A distinct cusp visible at T m in the real part of the susceptibility and associated with the absence of any clear anomaly in its imaginary part (cf. Fig. 8a ) confirms the predominantly antiferromagnetic character of the ordering of AceMn. The lack of any frequency dependence of either χ′ or χ″ allows us to safely exclude a spin-glass behavior. A sharp lambda-shaped peak observed in the temperature dependence of the specific heat (Fig. 8b) 
Raman scattering and IR studies
Temperature-dependent Raman and IR spectra of AceMn are presented in Fig. 9, 10 and Fig. S5 , S6. † The observed Raman and IR modes and their assignment are listed in Table S3 . † We also present the temperature dependence of wavenumbers and full width at half maximum (FWHM) for a few selected Raman-active modes in order to better see the changes induced by the phase transition (Fig. S7 †) . Temperature-dependent Raman and IR spectra show weak changes upon cooling from 400 K to 300 K. They show, however, a few characteristic features upon cooling below 300 K. Firstly, the observed bands exhibit clear narrowing. This behaviour is most pronounced for the lattice modes (Fig. 9d) 
Conclusions
We report the synthesis of the first metal formate framework templated by Ace + cations. In contrast to the related formamidinium manganese formate crystallizing in the trigonal strucure, 29 AceMn crystallizes in the orthorhombic structure, space group Imma, with disordered Ace + cations. Similar orthorhombic structures were, however, reported for guanidinium (M II = Mn, Fe, Co, Ni, Zn) and formamidinium (M II = Mg, Co, Fe) analogues. 10, 28, 46 AceMn undergoes a temperature-induced phase transition at 304 K into the monoclinic P2 1 /n structure. X-ray diffraction, DSC, dielectric, Raman and IR data prove that the phase transition is associated with the ordering of the Ace + cations and distortion of the manganese formate framework. IR and Raman data provide evidence for large strengthening of HBs upon cooling. This compound also exhibits weak ferromagnetic properties below 9.0 K.
